Opioids play a critical role in hippocampally dependent behavior and plasticity. In the hippocampal formation, mu opioid receptors (MOR) are prominent in parvalbumin (PARV) containing interneurons. Previously we found that gonadal hormones modulate the trafficking of MORs in PARV interneurons. Although sex differences in response to stress are well documented, the point at which opioids, sex, and stress interact to influence hippocampal function remains elusive. Thus, we used quantitative immunocytochemistry in combination with light and electron microscopy for the phosphorylated MOR (pMOR) at the SER375 carboxy-terminal residue in male and female rats to assess these interactions. In both sexes, pMOR-immunoreactivity (ir) was prominent in axons and terminals and in a few neuronal somata and dendrites, some of which contained PARV in the mossy fiber pathway region of the dentate gyrus (DG) hilus and CA3 stratum lucidum. In unstressed rats, the levels of pMOR-ir in the DG or CA3 were not affected by sex or estrous cycle stage. However, immediately following 30 min of acute immobilization stress (AIS), males had higher levels of pMOR-ir whereas females at proestrus and estrus (high estrogen stages) had lower levels of pMOR-ir within the DG. In contrast, the number and types of neuronal profiles with pMOR-ir were not altered by AIS in either males or proestrus females. These data demonstrate that although gonadal steroids do not affect pMOR levels at resting conditions, they are differentially activated both pre and postsynaptic MORs following stress. These interactions may contribute to the reported sex differences in hippocampally dependent behaviors in stressed animals.
INTRODUCTION
Estrogens influence fundamental processes within the hippocampus. When estrogen levels are high (either at the proestrus stage of the estrous cycle or in ovariectomized animals replaced with estradiol), spine density, synaptic proteins, and glutamatergic receptors are elevated in the hippocampus (Gazzaley et al., 1996; Woolley, 1998; McEwen and Milner, 2007; Spencer et al., 2008; Waters et al., 2009) . Estrogen fluctuations affect long term potentiation (LTP) and long term depression, two forms of synaptic plasticity considered to be cellular models of memory trace formation (reviewed by Foy, 2011) . Moreover, estrogens likely contribute to sex differences in associative learning behaviors important in addiction, particularly in relation to relapse (Roberts et al., 1989; Lynch et al., 2002; Roth et al., 2002; Hu et al., 2004) .
One potential way that estrogens influence hippocampal learning relevant to addictive processes is through the modulation of the stress response. Drug addiction, particularly relapse, is often provoked by stress (reviewed by Bruchas et al., 2010; Shalev et al., 2010) . Sex differences in response to both chronic and acute stress have been reported (Bowman et al., 2003; Conrad et al., 2003; Luine et al., 2007) . In males, chronic stress is detrimental to learning processes, decreases in LTP, and results in atrophy of CA3 pyramidal cell dendrites as well as increased packing density of small synaptic vesicles near active zones of mossy fiber terminals (Magariños et al., 1997 , and reviewed by McEwen and Milner, 2007) . However, in females, chronic stress either does not effect or slightly increases spatial learning performance, particularly at the proestrus phase of the estrus cycle, and does not result in the dramatic morphological changes seen in the male hippocampus (Shors and Thompson, 1992; Galea et al., 1997; Luine et al., 2007; McEwen and Milner, 2007) . The relative preservation of hippocampal morphology and learning processes in females following stress could contribute to accelerated course of addiction seen in females (Robbins et al., 1999; Elman et al., 2001) .
Several lines of evidence suggest that the endogenous hippocampal opioid system is involved in these sexually dimorphic responses to stress. The mossy fiber-CA3 pathway, which is most vulnerable to stress in males, is rich in opioid peptides and receptors as well as gonadal steroid receptors (Drake et al., 2007; Hajszan et al., 2007) . Moreover, LTP in the mossy fiber -CA3 pathway is opioid dependent, requiring activation of the mu opioid receptors (MORs; Derrick et al., 1992; Derrick and Martinez, 1994) . In other brain regions, chronic stress alters enkephalin levels as well as MOR binding (Kalivas and Abhold, 1987; Stein et al., 1992; Drolet et al., 2001; Lucas et al., 2004; Dantas et al., 2005) . Ovarian hormones, particularly estrogens, also can alter the levels of opioid peptides in the mossy fiber pathway , 2009b and MOR binding throughout the hippocampus (Piva et al., 1995; Šlamberová et al., 2003) . Furthermore, ovarian hormones can alter the trafficking as well as the availability at the cell membrane of MORs and delta opioid receptors in hippocampal interneurons and principal cells, respectively (Sinchak and Micevych, 2001; Torres-Reveron et al., 2009b; Williams et al., 2011) . However, whether ovarian hormones can affect the responses of the hippocampal opioid system, particularly the MORs, to stress has not been explored.
Therefore, the present study aimed to determine if MORs are activated in the hippocampus following stress exposure and, if so, is the activation of MORs affected by sex and/or gonadal steroid levels. For this, an antibody to MOR phosphorylated at ser375 (pMOR) was localized by light and electron microscopy in male and cycling female rats following acute immobilization stress (AIS).
MATERIALS AND METHODS

ANIMALS
All procedures were approved by the Weill Cornell Medical College and Rockefeller University Institutional Animal Care and Use Committees and were in accordance with the National Institutes of Health guidelines. Adult male and female Sprague Dawley rats (approximately 60 days old; N = 76) were obtained from Charles River Laboratories (Wilmington, MA, USA). Rats were group housed (three to four per cage) and given access to food and water ad libitum with 12:12 light/dark cycles. Two cohorts of animals were used in these studies. The first cohort, that was used to assess the levels of pMOR-ir in males compared to females at each estrous stage, was the same cohort of animals used in our previous studies , 2009b Williams et al., 2011) . The second cohort was used to assess the effects of AIS in males and in females from different estrous stages. These two cohorts of animals were housed in different animal facilities (cohort 1: WCMC; cohort 2: RU) and their brains were collected approximately 3 years apart.
ESTROUS CYCLE DETERMINATION
Female rats were allowed to acclimate for 1 week after arrival and then estrous stage was determined daily between 9:00 and 10:00 am using vaginal smear cytology (Turner and Bagnara, 1971) . Only female rats that showed two consecutive, regular 4-5 day estrous cycles were used in the study. Diestrus-II rats rather than metestrus (diestrus I) were chosen to insure that rats were completely out of the estrus phase. The stage of the estrous cycle was confirmed by measuring uterine weight and plasma serum estradiol levels by radioimmunoassay as previously described (Torres-Reveron et al., 2009b) . To control for handling effects, male rats were removed from their cages daily to perform mock estrous cycling.
ACUTE IMMOBILIZATION STRESS
Acute immobilization stress was conducted between 9:00 am and 1:00 pm and was performed as previously described (Lucas et al., 2007; Shansky et al., 2010) . Rats were transported from their home room to a procedure room. Rats were placed in plastic cone shaped polyethylene bags with a Kotex mini-pad underneath them to collect urine and a small hole at the apex of the cone. Each animal was sealed with tape in the bag with the nose opposed to the hole allowing for unrestricted breathing. The immobilized rats were placed on a counter top undisturbed for 30 min. Immediately following the AIS, rats were anesthetized in the procedure room and their brains fixed by perfusion as described below. Control rats remained in their cages in the home room and were anesthetized prior to transfer to the procedure room for perfusion.
IMMUNOCYTOCHEMISTRY
Antibodies
A rabbit polyclonal antibody generated against a synthetic phosphopeptide corresponding to residues surrounding Ser377 of human (homologous to Ser375 of mouse) of the pMOR (#3451 Cell Signaling, Danvers, MA, USA) was used in this study. This antibody has been used to measure pMOR-ir using immunofluorescence (Chu et al., 2008) , western blots, and immunoprecipitation in both HEK293 cells and neuronal cells . In the presence of opioid receptor agonists (DAMGO) or antagonist (naloxone), immunoreactivity for pMOR is increased and decreased, respectively, in HEK293 cells . Moreover, mutating the SER 375 residue of the MOR in HEK293 cells abolished morphine induced phosphorylation as assessed by immunoprecipitation (Chu et al., 2008) , further demonstrating specificity of this antibody. To additionally test the specificity of the pMOR antibody, a preadsorption control was also performed. For this, 2 ml of the working dilution of the antiserum (1:800) was divided into two scintillation vials. Fifty micrograms of the peptide to which the antibody was generated (Cell Signaling #5976B) in 50 μl saline was added to one of the vials and 50 μl saline was added to the other vial and the vials were placed on a shaker overnight at 4˚C. The following day, the solutions were spun at 10,000 RPM for 10 min on a microfuge and the supernatant collected and used for immunocytochemistry as described below.
The mouse monoclonal antibody directed against the calcium binding protein parvalbumin (PARV; Sigma-Aldrich) was utilized in our previous studies (Torres-Reveron et al., 2009b) . This antibody has been previously characterized by immunoblots, radioimmunoassay, and has ability to recognize PARV in brain tissue (Celio et al., 1988) .
Section preparation
Rats were deeply anesthetized with sodium pentobarbital (150 mg/kg) and perfused sequentially through the ascending aorta with: (1) 10-15 ml of 0.9% saline containing 2% heparin; (2) 50 ml 3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4); and (3) 200 ml 2% paraformaldehyde in PB. Brains then were cut into 5 mm thick coronal blocks and post-fixed for 30 min in the latter fixative before being switched into PB. Coronal sections (40 μm thick) through the hippocampus were cut on a vibratome into PB, placed in cryoprotectant solution (30% sucrose and 30% ethylene glycol in PB) and stored at −20˚C until processing for immunocytochemistry. Prior to immunocytochemistry, sections were rinsed in PB, coded with hole-punches and pooled into single containers to insure identical exposure to immunoreagents (Pierce et al., 1999) . Sections then were incubated in 1% sodium borohydride in PB for 30 min, and rinsed in PB.
Light microscopic immunocytochemistry and analysis
To examine changes in pMOR-ir levels between different experimental groups, sections were processed as previously described . Briefly, sections were transferred to 0.1 M Tris-buffered saline (TS; pH 7.6) and then blocked in 0.5% BSA in TS for 30 min. Sections were placed in rabbit polyclonal pMOR antibody (1:800) for 24 h at room temperature, and then 24 h at 4˚C. Sections then were processed in a 1:400 dilution of biotinylated goat anti-rabbit immunoglobulin (IgG; Vector Laboratories, Burlingame, CA, USA) for 30 min followed by a 1:100 dilution of avidin-biotin complex (ABC; Vectastain elite kit, Vector Laboratories) for 30 min. All incubations were separated by washes of TS. Sections were reacted in 3,3 -diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO, USA) and 3% H 2 0 2 in TS for 4-6 min and rinsed in TS followed by PB. Sections were mounted on gelatin-coated slides, dehydrated and coverslipped from xylene with DPX mounting media (Sigma-Aldrich).
Sections from the dorsal hippocampus (−3.6 to −4.0 mm from Bregma; Swanson, 2000) were chosen for analysis. All histological evaluation was done by an experimenter who was blind to treatment group. For quantitative densitometry, photomicrographs through regions of interest (ROI) were captured using a Dage MTI CCD-72 camera on a Nikon Eclipse 80i microscope and converted to gray-scale values MicroComputer Imaging Device (MCID) software. The mean gray value (of 256 gray levels) for each selected ROI was determined as previously described . To control for variations in illumination and background staining, the average pixel density from three regions lacking labeling was subtracted. Optical density values were measured using MCID and net optical density values obtained after subtracting background values were converted to a percentage scale of 256 preset gray values ranging from 0 to 100%. To determine the levels of pMOR-ir in individual cells, optical density measurements from the cytoplasm of two to three cells were section were averaged. For statistical analyses, percentages were transformed by calculating the inverse sine of the proportion (EisenHart and Hastay, 1947) . All data was analyzed using a one-way ANOVA followed by preplanned Student-Newman-Keuls post hoc analysis (p < 0.05).
Immunofluorescence
For immunofluorescence, the same procedures above were followed with the following changes: (1) rats were perfusion fixed with 4% paraformaldehyde in PB; (2) the sodium borohydride step was eliminated; (3) sections were incubated in pMOR antiserum (diluted 1:500) for 24 h at RT and 48 h at 4˚C; (4) sections were incubated in biotinylated goat anti-rabbit IgG and ABC for 60 min each, followed by an incubation in streptavidin conjugated Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen) diluted 1:200 for 90 min. Sections then were incubated in a mouse monoclonal antibody directed against PARV (1:6000) for 6 h at room temperature and 48 h at 4˚C followed by a goat anti-mouse Alexa Fluor 568 IgG for 90 min. Sections were rinsed in PB, air-dried, and coverslipped with VectorShield (Vector laboratories). Images were collected with a Leica TCS SP5 confocal microscope using an argon laser (488) and a HeNe laser (543). Sequential scans were acquired to avoid any overlap between the wavelengths for the two dyes. Z stack images (approx. 20 μm at 1 μm each) were taken and combined into a single image using the Leica Application Suite Software.
ELECTRON MICROSCOPIC IMMUNOCYTOCHEMISTRY AND ANALYSIS
Single label immunocytochemistry
Sections were processed for immunoperoxidase as described above for light microscopy. Sections were post-fixed in 2% osmium tetroxide for 1 h, rinsed in PB, dehydrated in ascending concentrations of ethanol and propylene oxide and then embedded in EMbed 812 (Electron Microscopy Sciences, Fort Washington, PA, USA). Ultrathin sections (70-72 nm thick) through the ROI were cut on a Leica UCT ultratome, collected on copper grids and counterstained with uranyl acetate and Reynolds lead citrate. Sections were examined with a Philips CM10 transmission electron microscope equipped with an Advanced Microscopy Techniques digital camera (Danvers, PA, USA). For figures, images were prepared in Adobe Photoshop 9.0 to sharpness and imported into PowerPoint 2008 on a MacBook Pro where final adjustments to brightness and contrast were made. These changes did not alter the original content of the raw image.
Dual label immunocytochemistry
A subset of sections was processed for dual label immunoelectron microscopy. For this, sections were incubated in a cocktail of rabbit anti-pMOR (diluted 1:800) and mouse anti-PARV (diluted 1:3000). PARV was visualized using the ABC procedure as described for light microscopy except that sections were incubated in biotinylated horse anti-mouse IgG. Immunoreactivity for pMOR was visualized using the silver enhanced immunogold technique (Chan et al., 1990) . Briefly, sections were rinsed in TS and incubated in a 1:50 dilution of goat anti-rabbit IgG conjugated to 1 nm gold particles (1:50, EMS) in 0.08% BSA and 0.001% gelatin in 0.01 M phosphate-buffered saline (PBS; pH 7.4) for 2 h at RT. Sections then were rinsed in PBS, post-fixed in 2% glutaraldehyde for 10 min and rinsed in PBS followed by 0.2 M sodium citrate buffer (pH 7.4). The gold particles were enhanced by incubation of a silver solution (RPN491; GE Healthcare) for 5-7 min. The sections were then prepared for electron microscopy as described above.
Analysis
For quantitative single label electron microscopic studies, ultrathin sections from three to four rats in each experimental condition were analyzed. All of the sections from each experimental group www.frontiersin.org were co-processed and used identical sampling methods, to minimize variables that could affect between-group comparisons. To minimize differences due to antibody penetration, analysis was conducted at the tissue-plastic interface (Pierce et al., 1999) . In each ROI, all profiles from eight random, but non-overlapping, micrographs (65 μm 2 /micrograph) were counted. All analysis was done by a experimenter who was blind to experimental group. Immunolabeled profiles were classified using criteria defined by Peters et al. (1991) . Dendritic profiles contained regular microtubule arrays and were usually postsynaptic to axon terminal profiles. Unmyelinated axons were profiles smaller than 0.2 μm in diameter, contained a few small synaptic vesicles and lacked a synaptic junction in the plane of section. Axon terminal profiles had numerous small synaptic vesicles and had a cross-sectional diameter greater than 0.2 μm. Astrocytic profiles were distinguished by their tendency to conform to the boundaries of surrounding profiles, by the absence of microtubules and/or by the presence of glial filaments. All statistical analyses were performed using a two-way ANOVA (p < 0.05), followed by preplanned, pairwise comparisons using Student-Newman-Keuls post hoc analysis (p < 0.05).
RESULTS pMOR-ir IS CONCENTRATED IN THE MOSSY FIBER PATHWAY REGION
At the light microscopy level, pMOR-ir was limited to select subregions (Figure 1) . Diffuse pMOR-ir was found in the stratum lucidum of the CA3, particularly in CA3b and c, and the central hilus of the dentate gyrus (DG; Figure 1A) . Moreover, cells containing pMOR-ir were found primarily in the dorsal portion of the dentate hilus ( Figure 1B ) and sparsely scattered near the CA3 pyramidal cell layer. The pattern of pMOR labeling appeared identical in male and female rats. Moreover, neither the density of pMOR-ir in six subregions from the mossy fiber pathway nor the density of pMOR-ir in individual cell somata was significantly different from males and females, regardless of estrous stage [p > 0.05; cohort 1 (see Materials and Methods)]. All pMOR-ir was abolished when the antibody was incubated with the peptide against which the antiserum was raised ( Figure 1C) .
Confocal microscopy revealed that some cells with pMOR-ir co-expressed PARV, particularly in the dorsal blade of the hilus of the DG (Figures 2A-C) . Rarely, cells near the CA3 pyramidal cell layer contained pMOR-and PARV-ir ( Figures 2D-F) ; however, in these instances the pMOR labeling was less robust. These observations indicate that pMOR may be expressed within a subset of interneurons, consistent with previous reports demonstrating that MOR-ir is frequently co-expressed within PARV-containing hippocampal interneurons (Drake and Milner, 2006) .
pMOR-ir IS PRIMARILY IN AXONS AND IN SOME DENDRITES
Since CA3b contained dense pMOR-ir, this region initially was chosen for electron microscopic examination in normal nonstressed rats ( Figure 1D) . Ultrastructurally, pMOR-ir was found exclusively in neuronal profiles. As there was no effect of sex or estrous cycle phase on the types or proportion of profiles (p > 0.05), data were collapsed from all animals (N = 16). The majority (74.6 ± 1.4% out of 1862 total profiles) of pMOR-ir was found in small unmyelinated axons (Figures 3A,C) . A minority of The mossy fiber pathway zone was divided into six regions for analysis: CA3a, CA3b, and CA3c and the denate gyrus tip, blade, and body. gcl, granule cell layer; pcl pyramidal cell layer. Scale bars = 100 μm.
FIGURE 2 | Confocal microscopy shows that pMOR-ir is contained in some PARV-labeled interneurons. In dorsal blade of the dentate gyrus, pMOR-ir (A) and PARV-ir (B) are co-expressed a neuron be [merged image (C)]. In the CA3, sparse pMOR-ir (D) and PARV-ir (E) are co-expressed in a neuron [merged image (F)]. gcl, granule cell layer. Scale bar = 10 μm.
FIGURE 3 | By electron microscopy, pMOR-ir is found in axons and axon terminals. (A)
pMOR-ir is found in numerous small, unmyelinated axons (pMOR-A; arrows) within the stratum lucidum of the CA3. (B) A cluster of pMOR-ir is found in a terminal (pMOR-T) containing numerous small synaptic vesicles and forming an asymmetric synapse (curved arrow) with an unlabeled dendritic spine (us). (C) pMOR-ir is affiliated with small synaptic vesicles in an enpassant axon that forms an asymmetric synapse (curved arrow) with a dendritic spine emanating from an unlabeled dendritic shaft (ud). Scale bar = 500 nm.
axons with pMOR-ir was myelinated (2.3 ± 1.3%). Within stratum lucidum, pMOR-labeled axons were often found in bundles, indicative of mossy fiber axons ( Figure 3A) . pMOR-ir in axons was usually patchy, often affiliated with small vesicles (Figure 3C) . In fortuitous planes of section, pMOR-labeled axons gave rise to terminals that formed asymmetric synapses with dendritic spines (Figure 3C) .
A few (3.3 ± 0.5%) axon terminals contained pMOR-ir. pMORlabeled terminals were usually between 0.3 and 0.6 μm in diameter, contained numerous small synaptic vesicles ( Figure 3B) . Like axons, pMOR-ir in terminals was usually patchy and affiliated with vesicles. Few pMOR-labeled terminals formed synapses; most of these were asymmetric on unlabeled dendritic spines.
About one-sixth (16.0 ± 1.7%) of the pMOR-labeled profiles were dendritic shafts. pMOR-ir was usually distributed throughout the dendrites, with no particular affiliation with select organelles (Figure 4A ). Dendritic shafts with pMOR-ir ranged in size from 0.4 to 1 μm in diameter, lacked spines and were contacted by several axon terminals. In some cases, terminals contacting pMOR-labeled dendritic shafts had the morphology of mossy fiber terminals ( Figure 4A) . Rarely, pMOR-ir was found in dendritic spines (3.8 ± 0.4%). Consistent with the confocal data, dual label electron microscopy revealed that pMOR-ir is co-expressed within a few dendritic shafts containing PARV-ir ( Figure 4B) . Dual labeled dendrites lacked dendritic spines and received numerous contacts (usually asymmetric) from unlabeled terminals.
ALTERATIONS IN pMOR-ir FOLLOWING AIS VARY DEPENDING ON REGION AND HORMONAL STATUS
The levels of pMOR-ir in six subregions of the mossy fiber pathway ( Figure 1D ) were quantified using densitometry in males and females from each estrous stage following AIS. Although no effect of hormonal cycle or sex was observed in control rats [p > 0.05; cohort 2 (see Materials and Methods)], AIS produced robust sex differences in the density of pMOR-ir in the CA3 and DG that is anatomically and gonadal steroid status specific. However, like unstressed rats, no sex or cycle differences in the density of pMORir were found in individual cell somata sampled from the dentate hilus in AIS compared to control rats (p > 0.05).
CA3
Overall, pMOR-ir was not altered by estrous stage or sex in nonstressed rats within stratum lucidum of CA3. However, when rats were exposed to AIS, significant sex differences in the levels of pMOR-ir in CA3 emerged. In general, pMOR-ir in males increased following AIS compared to unstressed males and to both unstressed and stressed proestrus females.
The CA3 was analyzed first as a single region and then subdivided into three separate areas (CA3a, CA3b, and CA3c) as seen
www.frontiersin.org FIGURE 4 | pMOR-ir is found in dendrites, some of which colocalize PARV. (A) A large dendritic shaft containing diffuse pMOR-ir (pMOR-D) is contacted (arrows) by mossy fiber terminals (MF-T). (B) pMOR-ir identified by silver intensified gold particles (arrows) is in a PARV-labeled dendritic
shaft identified by diffuse peroxidase reaction product. Unlabeled terminals (uT) form asymmetric synapses (arrows) on the dual labeled dendrite (pMOR-Parv-D). Scale bars for all images = 500 nm.
in Figure 5 . When analyzed as a single brain area (Figure 5A) , two-way ANOVA revealed a significant main effect of sex/cycle (F 3,46 = 3.198) and a significant interaction of sex/cycle by stress (F 3,46 = 3.373, p < 0.05). Post hoc analysis revealed that AIS induced pMOR-ir in males (p < 0.05) but not in females. Furthermore, AIS males had greater pMOR-ir than did females at proestrus (p < 0.01) and estrus (p < 0.05). Within the CA3a (Figure 5B) , two-way ANOVA showed no effect of sex/cycle (F 3,46 = 2.464) or stress (F 1,46 = 2.129), and no significant interaction (F 3,46 = 2.129, p > 0.05 for all) on the density of pMOR-ir. However, in the CA3b (Figure 5C ), a two-way ANOVA revealed a strong trend of sex/cycle (F 3,46 = 2.792, p = 0.053) and a significant sex/cycle by stress interaction (F 3,46 = 2.939, p < 0.05). Post hoc analysis showed that AIS increased pMOR-ir in males (p < 0.05) but not in females at any point in the cycle. Sex differences in the levels pMOR-ir were only found between males and proestrus females (p < 0.01) after AIS. Furthermore, a small, but significant effect of estrus cycle emerged such that diestrus females had more pMOR-ir than did proestrus females (p = 0.050). Consistent with these observations, within the CA3c (Figure 6D ) a two-way ANOVA revealed an effect of sex/cycle (F 3,46 = 2.919, p < 0.05), as well as a significant interaction between sex/cycle and stress (F 3,46 = 3.312, p < 0.05). Post hoc analysis showed that AIS increased pMOR-ir in males (p < 0.05), but not in females at any stage. Within stressed animals, males expressed significantly more pMOR-ir than did females at proestrus (p < 0.005) and estrus (p < 0.05).
Dentate gyrus
Similar to the CA3, pMOR-ir was highly influenced by cycle stage and sex in the DG. Interestingly, these differences were more apparent in the DG compared to the CA3. Overall, AIS induced pMOR-ir in males and decreased pMOR-ir in females.
When analyzed as a single brain area (Figure 6A) , a twoway ANOVA revealed a main effect of sex/cycle (F 3,46 = 6.337, p > 0.005) and an interaction of sex/cycle and stress (F 3,46 = 4.967, p > 0.01). Post hoc analysis shows that stressed females, regardless of cycle stage, have less pMOR-ir than do non-stressed controls. However, pMOR-ir was increased in males after AIS when compared to controls (p < 0.01). Within the DG tip (Figure 6B) , two-way ANOVA revealed a significant main effect of sex (F 3,46 = 5.115, p < 0.005), and an interaction between sex/cycle and stress (F 3,46 = 4.225, p > 0.05) . Post hoc analysis showed a reduction of pMOR-ir within estrus females following AIS (p < 0.05). Conversely, AIS increased pMOR-ir in males when compared to controls (p < 0.05). Furthermore, significant sex differences were observed in rats exposed to AIS such that males expressed more pMOR-ir than did estrus (p < 0.005) and proestrus (p < 0.0005) females. In addition, an effect of cycle was observed such that females during diestrus had more pMOR-ir than did females at estrus (p < 0.01) and proestrus (p > 0.005). Consistent with these observations, a two-way ANOVA showed a main effect of sex/cycle (F 3,46 = 5.087, p < 0.01) and an interaction between sex/cycle and stress (F 3,46 = 6.474, p < 0.005) within the DG blade ( Figure 6C) . Post hoc analysis revealed that AIS reduced pMOR-ir in proestrus females and increased pMOR-ir in males when compared to controls. Overall, males had significantly more pMOR-ir than did females at proestrus, estrus, and diestrus after AIS (p < 0.05 for all). Furthermore, diestrus females had more pMOR-ir than proestrus and estrus females following AIS (p > 0.05 for all). Within the DG body ( Figure 6D) , a two-way ANOVA revealed a main effect of sex/cycle (F 3,46 = 6.315, p < 0.005) and an interaction between sex/cycle and stress (F 3,46 = 3.566, p < 0.05). Post hoc analysis showed an induction of pMOR-ir in males after stress (p < 0.015). After AIS exposure males had more pMOR-ir than proestrus and estrus females (p < 0.005); diestrus females also had more pMOR-ir than did proestrus and estrus females (p > 0.05 for both).
Since the greatest differences in pMOR-ir following AIS were found between males and proestrus females in the DG, further analysis was performed at the ultrastructural level. For this, the types and proportions pMOR-labeled profiles were counted in the central hilus of control and AIS proestrus female and male rats (N = 4 per group). A two-way ANOVA revealed no significant difference between groups (p > 0.05) when either total number of profiles, or types profiles (e.g., axons, dendrites, terminals) were compared.
DISCUSSION
This is the first report to demonstrate that pMOR-ir is restricted to the mossy fiber pathway region where it is found primarily in axons and dendrites, some of which arise from PARV-containing FIGURE 5 | Effects of sex and estrous stage on the levels of pMOR-ir within CA3 following AIS. Neither sex nor estrous cycle stage significantly affected the density of pMOR-ir in non-stressed rats when the CA3 was examined as a whole (A) or divided into subregions (B-D). After exposure to AIS, however, significant differences emerged. When the CA3 was analyzed as a whole, AIS males had significantly more pMOR-ir than control males and AIS proestrus females (A). When analyzed as separate regions, AIS significantly increased pMOR-ir in males within the CA3b (C) and CA3c (D) [with a trend (p = 0.077) in the CA3a (B)] compared to AIS proestrus females. In CA3c (D), AIS males also had significantly more pMOR-ir than diestrus females. *p < 0.05, **p < 0.01.
interneurons. The levels of pMOR-ir are not altered by sex or estrous cycle stage in unstressed rats. However, following AIS, pMOR-ir significantly decreased in proestrus and estrous females and increased in males. These interactions may contribute to the reported sex differences in hippocampally dependent behaviors in stressed animals.
METHODOLOGICAL CONSIDERATIONS
We used a well-characterized antiserum to pMOR(Ser375), the expression of which is regulated by opioid agonists and antagonists in HEK cells, neuronal cultures from hippocampus, and spinal cord (Narita et al., 2004; Schulz et al., 2004; Chu et al., 2008) . Moreover, in AT20 and HEK cell cultures the distribution of the pMOR(Ser 375) was similar to that of MOR-P1(Thr180) and MOR-P2(Thr370 and Ser375), two non-commercial antibodies to the activated form of MOR (Petraschka et al., 2007) . This is the first report to use the pMOR(Ser375) antiserum in acrolein/paraformaldehyde fixed neuronal tissue. The demonstration that preadsorption with the peptide that the antiserum was raised against completely abolished any immunoreactivity within the entire hippocampus further supports the specificity of this antiserum. However, the possibility exists that the antiserum recognizes similar peptide sequences within the brain.
Phosphorylation of G-protein coupled receptors such as MORs is one of the first steps following ligand activation controlling receptor signaling and is critical to their desensitization and internalization (Koch and Höllt, 2008) . Several lines of evidence demonstrate that the actions giving rise to desensitization and internalization can be separated. In particular, mutation of MOR at Thr180 eliminates ligand-induced desensitization but does not affect internalization (Celver et al., 2004) . Conversely, ligandstimulated activation of the MOR at Thr370 and Ser375 is important for internalization (El Kouhen et al., 2001 ) and morphine but not DAMGO-induced desensitization . Thus, www.frontiersin.org FIGURE 6 | Effects of sex and estrous stage on the levels of pMOR-ir within dentate gyrus following AIS. Neither sex nor estrous cycle stage significantly affected the density of pMOR-ir in non-s]ssed animals when the dentate gyrus was examined as a whole (A) or divided into subregions (B-D). However, sex and cycle differences in pMOR-ir emerged after AIS. When analyzed as a whole, AIS males had significantly more pMOR-ir compared to controls whereas AIS estrus females had less pMOR-ir compared to their controls (A). When analyzed as separate subregions however, additional differences were emerged. AIS significantly increased pMOR-ir in males compared to proestrus females in the tip (B), blade (C), and body (D) of the DG. AIS significantly decreased pMOR-ir in proestrus females within the DG blade (B). *p < 0.05, **p < 0.01.
it is possible that the pMOR(Ser 375) antibody used in the present study discriminates between internalization and desensitization processes.
THE DISTRIBUTION OF pMOR IS CONSISTENT WITH THAT OF MOR IN THE HIPPOCAMPUS
The current study demonstrates that pMOR-ir is found primarily in the region of the DG and CA3 known to contain the mossy fibers (Drake et al., 2007) . Our electron microscopic studies revealed that most pMOR-ir is in small unmyelinated axons and in dendrites, some of which contain PARV. These observations are consistent with previous reports describing the localization of MORs within the hippocampus. The abundance of pMOR-ir within small axons in the mossy fiber pathway suggests that the antibody primarily recognizes activated forms of the MOR-1D splice variant (Abbadie et al., 2000) . The localization of pMOR-ir in axons suggests that MOR activation could impact synaptic transmission either by influencing the transduction of electrical signals to the terminal and/or protein transport (Cunnane and Stjärne, 1984; Cheung, 1990 ). Interestingly, dynorphin, which is also localized in mossy fibers (Drake et al., 2007) , has a high affinity for the MOR-1D (Petraschka et al., 2007) and is released by high frequency stimulation following seizures or chronic stress (Wagner et al., 1991; Mazarati et al., 1999; Redila and Chavkin, 2008) . Thus, release of dynorphins following high frequency stimulation could provide an auto-regulation of granule cell mossy fibers through a presynaptic mechanism. Moreover, localization of pMOR-ir in a few small terminals forming asymmetric synapses with dendritic spines suggests that MOR activation could particularly affect excitatory transmission (Peters et al., 1991) .
The presence of pMOR-ir in some PARV-containing interneurons is consistent with previous reports localizing MOR-ir and mRNA in the hippocampus Milner, 1999, 2006; Stumm et al., 2004; Torres-Reveron et al., 2009b) . PARVcontaining interneurons comprise one group of basket cells that form inhibitory-type synapses with pyramidal cell somata and proximal dendrites (for reviews see Freund and Buzsáki, 1996; and Drake et al., 2007) as well as cholescystokinin-containing basket interneurons (Karson et al., 2009) . Activation of MORs profoundly disinhibits pyramidal cells (Jin and Chavkin, 1999) . Moreover, LTP in the mossy fiber -CA3 pathway is opioid dependent, requiring activation of the MORs (Derrick et al., 1992; Derrick and Martinez, 1994) . Thus, in addition to presynaptic mechanisms, activation of MORs could affect pyramidal cells and other interneurons through postsynaptic mechanisms.
The present localization of pMOR-ir in cells, however, was more limited than that described previously for MORs in hippocampus Drake et al., 2007) . A previous study (Petraschka et al., 2007) localizing pMOR using MOR-P1 and MOR-P2 in other brain regions also noticed a discrepancy between MOR distribution by non-phosphorylated antibodies. Petraschka et al. (2007) suggested that the pMOR antibodies might not detect newly synthesized or recently internalized MORs which are distant to a regulatory kinase. Regardless, the localization of pMOR-ir in GABAergic interneurons is consistent with previous reports (Drake et al., 2007) .
FOLLOWING AIS, THE LEVEL OF pMOR-ir ARE INFLUENCED BY SEX AND ESTROUS CYCLE PHASE
In unstressed animals, neither estrus cycle stage nor sex significantly affected levels of pMOR-ir in any of the subregions of the mossy fiber pathway and within individual cell somata. These results were in contrast to those observed with the opioid peptides and receptors. In particular, when estrogen levels are high (either in proestrus or in ovariectomized rats replaced with estradiol) the levels of enkephalin and dynorphin in the mossy fiber pathway as well as the availability of MORs on the plasma membrane of PARV-labeled dendrites are elevated , 2009a . Moreover, we recently have found that LTP in the mossy fiber -CA3 pathway, which is known to be opioid dependent (Derrick et al., 1992; Derrick and Martinez, 1994) , is greater in proestrus and estrus females compared to males and diestrus females (Varga-Wesson et al., 2011) . Several factors may have contributed to lack of detection of sex or cycle differences of pMOR-ir in our study. As mentioned above, the antisera may distinguish between desensitization and internalization processes and/or may recognize only a subset of MOR-containing neurons. Moreover, since the majority of pMOR-ir was in axons, the current light microscopic approaches lacked the resolution to detect changes in the levels of pMOR-ir dendrites. Additionally, phosphorylation MORs would not be expected to change until the opioid peptides are released from dense core vesicles following some form of high frequency stimulation (Thureson-Klein and Klein, 1990) . Thus, our finding that sex and cycle differences in pMOR-ir emerged following stress, which is known to release opioid peptides (Redila and Chavkin, 2008) , was not unexpected.
In general, the levels of pMOR-ir in the mossy fiber zone increased in males and decreased in proestrus and estrus females after AIS. Moreover, our ultrastuctural findings showing no changes in the number or proportion (e.g., axons and dendrites) of pMOR-containing profiles following AIS suggests that the observed level changes do not reflect recruitment of new profiles. The differences in the magnitude of the changes in the levels of pMOR-ir in subregions varied. In part, the observed differences likely reflect the profile and/or receptor makeup. In particular, the dentate tip and body contain more enkephalin-containing axons and small terminals compared to any of the CA3 subregions . Moreover, the distribution of estrogen and progestin receptors varies between hippocampal subregions (Milner et al., 2005; Waters et al., 2008) . Given our prior ultrastructural observations that opioid levels and well as MORs available for ligand binding in PARV interneurons increase in proestrus rats , 2009a , the observed decreases in pMOR-ir in the proestrus rats after AIS were unexpected. However, our findings are consistent with reports that after AIS males have enhanced learning processes whereas females have decreased learning processes (Luine et al., 2007) .
FUNCTIONAL CONSIDERATIONS
Activation of MORs has been shown to play an important role in LTP and cognitive processes within the hippocampus (Meilandt et al., 2004; Yoo et al., 2004) . The current report demonstrating a significant sex and estrous cycle differences in the levels of activated MORs after AIS suggests that gonadal steroid status may influence LTP or plasticity following stress. Indeed, stress induced changes in LTP in males have been found to be reduced by acute application of estradiol (Foy et al., 2008; Foy, 2011) . The present results also suggest that MOR trafficking changes in response to ovarian hormones may not be the only mechanism that regulates MOR-activated responses. Although the impact of these changes in MOR activation in the female brain is currently unknown, studies are in progress exploring this question.
A growing body of literature demonstrates that the effects of stress are sexually dimorphic (Shors and Thompson, 1992; Beck and Luine, 2002; Bowman et al., 2003; Conrad et al., 2003) . The results from this study support this idea demonstrating that pMOR-ir is regulated in a sex specific fashion, as well as over the estrus cycle following AIS. These observations are consistent with other studies demonstrating that males and females perform in opposing manners on hippocampally dependent behavioral tasks following both acute and chronic stress (Beck and Luine, 2002; Luine, 2002; Luine et al., 2007) . Moreover, our findings support other studies that the opioid system is involved in stress responses. In particular, acute and chronic stress induce the release of opioid peptides and alter MOR binding in many brain regions (Kalivas and Abhold, 1987; Nabeshima et al., 1992; Stein et al., 1992; Drolet et al., 2001; Lucas et al., 2004; Dantas et al., 2005) . Moreover, the release of opioid peptides following stress can affect drug-induced reinstatement in males (McLaughlin et al., 2003; Redila and Chavkin, 2008; Bruchas et al., 2010; Shalev et al., 2010) . Although the direct mechanisms for sexually dimorphic stress responses are not fully understood, the current report suggests that the role of the hippocampal opioid system in learning behaviors following stress merit further study.
In conclusion, these data demonstrate that the endogenous hippocampal opioid system responds to stress in an opposing fashion in males and females. These differences could potentially play a role in many of the reported sex differences in hippocampal function, such as susceptibility to seizures, differences in cognitive performance, and drug addiction (Brady and Randall, 1999; Doucette et al., 2007) . Together, these data suggest that gonadal hormones can play a critical role in the excitability and plasticity of the hippocampus by modulating the endogenous opioid system.
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